This was an experimental study. Objectives: White matter sparing influences locomotor recovery after traumatic spinal cord injury (SCI). The objective of the present post-mortem magnetic resonance imaging (MRI) investigation was to assess the potential of a simple inversion recovery (IR) sequence in combination with high-resolution proton density (PD) images to selectively depict spared white matter after experimental SCI in the rat. Setting: This study was conducted at University of Liège and Centre Hospitalier Universitaire, Liège, Belgium and Hasselt University, Diepenbeek, Belgium. Methods: Post-mortem 9.4 tesla (T) MRI was obtained from five excised rat spines 2 months after compressive SCI. The locomotor recovery had been followed weekly using the standardized Basso-Beattie-Bresnahan scale. IR MRI was used to depict normal white matter as very hypo-intense. Preserved white matter, cord atrophy and lesion volume were assessed, and histology was used to confirm MRI data. Results: MRI showed lesion severity and white matter sparing in accordance with the degree of locomotor recovery. IR MRI enhanced detection of spared and injured white matter by selectively altering the signal of spared white matter. Even subtle white matter changes could be detected, increasing diagnostic accuracy as compared to PD alone. MRI accuracy was confirmed by histology. Conclusion: High-resolution IR-supported PD MRI provides useful micro-anatomical information about white matter damage and sparing in the post-mortem assessment of chronic rat SCI.
Introduction
After incomplete spinal cord injury (SCI), the most common type of human traumatic SCI, 1 some white matter is spared.
After experimental SCI, white matter preservation has been shown to influence the functional re-organization of the sublesional spinal cord, locomotor function and recovery. 2 Since the 1990s, correlations between magnetic resonance imaging (MRI), histology and behavioural recovery 3 have been established, initially using low-resolution images for approximate qualitative assessments of lesion extent and parenchymal sparing. 4, 5 For example, experimental in vivo 4.7 T MRI 3 months after incomplete SCI in the rat established weak correlations between recovery and MRImeasured lesion surface and lesion volume; the post-mortem histological analysis showed a correlation of recovery with the degree of white matter sparing. 6 The amount of spared white matter thus appears as the key factor in locomotor recovery.
With the evolution of MRI technology, it is possible to obtain very high resolution MR images. We recently described rapid and precise post-mortem 9.4 T spinal cordspine block proton density (PD)-weighted MRI after experimental rat SCI. 7 Inversion recovery (IR) imaging provides the capacity to remove the MR signal of a specifically selected biological tissue from MR images, because water molecules have a unique T1 relaxation behaviour depending on their environment, that is, tissue structure. This relaxation behaviour is characterized by a specific T1 relaxation decay time. The removal of the signal from a selected tissue by IR results in a very hypo-intense signal intensity for the corresponding tissue in the image.
In this investigation, we thus address the usefulness of IR-supported PD MRI for the selective assessment of white matter sparing after incomplete SCI in the rat.
Materials and methods

Surgery
A partial low thoracic SCI was created in five rats using subdural balloon inflation as described in detail before 8 with 20 ml sterile saline for 5 min at the tenth thoracic level. After removal of the balloon, muscles and skin were closed in two layers. Balloon dysfunction (unexpected abnormal inflation shape) was detected during surgery. Therefore, in this series of rats, the traumatic lesions of the cord were variable, due to the irregular inflation of the balloon. Immediately after surgery, dehydration was prevented by intraperitoneal physiological saline injections and infection by intraperitoneal injection of amoxicillin-clavulanic acid. The bladder was manually expressed daily until recovery of spontaneous micturition. Urinary infections were treated as needed. Rats were housed separately. Food and water were provided ad libitum.
Behavioural analysis
Motor function of the hind limbs was evaluated weekly using the Basso-Beattie-Bresnahan (BBB) open-field locomotor test, from 4 days postoperatively (week 1) until the week. 8 Before observation, bladders were emptied to avoid hind limb activity associated with voiding. Two examiners scored locomotion in a blinded manner from 0 to 21 for both hind limbs over 5 min in a standardized open field.
MRI
After 9 weeks, the animals were deeply anaesthetized with 1.5 mg kg À1 pentobarbital and perfused with 4% paraformaldehyde in 1.0 M phosphate. The spine was removed and post-fixated in 4% paraformaldehyde for 48 h, then stored for MRI in phosphate-buffered saline/azide. Spine specimens, centred on the lesion, were analysed with a 25 mm diameter birdcage coil in a 9.4 T vertical bore magnet (Varian Inova 400 Spectrometer; Varian, Nuclear Magnetic Resonance Instruments, Palo Alto, CA, USA). Consecutive 1 mm slices were obtained in an axial slice direction using the multi-slice spin-warp technique. PD images were acquired over a length of 23 mm with a repetition time (TR) and an echo time (TE) of 2500 and 18 ms, respectively. High-resolution PD images (in-plane resolution of 37.8 mm Â 37.8 mm, FOV ¼ 17 mm Â 17 mm, data matrix ¼ 450 Â 450) were acquired with a number of averages (NA) of 32 in a total acquisition time (tat) of about 10 h. Medium-resolution PD images (68 mm Â 68 mm, FOV ¼ 17 mm Â 17 mm, data matrix ¼ 250 Â 250) were acquired with NA ¼ 4 (tat of 40 min).
We used an IR time (TI) of 525 ms to selectively suppress the signal of normal, spared white matter, optimized for formaline fixed spinal cord tissue at 9.4 T. Medium-resolution IR images (68 mm Â 68 mm, TR ¼ 2500 ms, TE ¼ 18 ms, TI ¼ 525 ms and NA ¼ 16) were acquired over a distance of 11 mm centred on the lesion (tat of 7 h). Preliminary IR images were obtained at a resolution of 100 mm Â 100 mm and NA ¼ 4 (tat of 1 h 20 min) but not systematically used for the present study.
The tomographic right side corresponded to the anatomical left side, and vice versa.
Histology
After removal from the spine and cryoprotection for 48 h in 30% sucrose at 4 1C, the spinal cords were cut axially at a thickness of 15 mm on a cryostat, mounted onto gelatinecoated slides and stained with Luxol Fast Blue for myelin and haematoxylin.
Morphometry
Data for morphometry were obtained using the Olympus Analysis FIVE software (Olympus Europa GmbH, Hamburg, Germany) for manual delineation of surfaces and automatic calculation of the surface area. When there were several lesion areas, surface measurements were added. Areas were expressed in mm 2 and volumes in ml. For MR images, the measured area was multiplied with the pixel dimensions. Two observers, who were blinded to BBB scores, determined lesion versus spared tissue, then delineated the axial lesion extent on digitalized histological and MR images. MR and histological images were assessed independently. For MRI measurements, PD and IR images were used simultaneously to define very hypo-intense IR signal as spared white matter when this hypo-intensity was not observed in the PD image.
Hypo-intensity present in IR as well as in PD images was considered to be due to the presence of iron, that is, secondary to haemorrhage. Morphometry was then performed on the PD images. For histological measurements, 1 out of 33 sections was analysed in the periphery of the lesion centre (two 6 mm blocks) and 1 out of 22 in the central block (11 mm), resulting in 10 peripheral sections and 30 central sections. Measurements were only performed on sections that showed a lesion. Low-and high-resolution microscopy was used to interpret the images and distinguish the lesion from spared tissue. In addition to spared white matter, measured surface areas were total spinal cord area and lesion area. Atrophy of the spinal cord was defined as the minimal total cord surface measured in each cord. Lesion volume was calculated as the area under the curve of the lesion surface measurements; missing histological data points (due to non-interpretability of some histological slices) were compensated for by inserting the mean of the two adjacent values.
On the basis of the different measurements, we established graphs, showing the MRI section number on the x axis and Post-mortem inversion-recovery MRI of rat SCI F Scholtes et al the surface measurements on the y axis in mm 2 , depicting cord atrophy, lesion size and spared matter (Figure 1 ). Non-quantitative correlative figures were created to visually correlate MRI and histological measurements.
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Results
Locomotor recovery
Three recovery patterns could be distinguished (Figure 2 ). Rats 1 and 2 showed limited recovery, rat 3 slow recovery up to the maximal score of 21, and rats 4 and 5 rapid and complete recovery of practically normal over-ground locomotion.
MRI and histology
As confirmed by histology, gliotic scarring appeared hyper-intense on PD-weighted images. Haemorrhage was responsible for low signal intensity because of hemosiderincontaining ferric iron. IR images increased the contrast between white matter (very hypo-intense) and gliosis, and even very discrete white matter changes, almost imperceptible and difficult to interpret on PD images, could be ascertained (Figure 3) . The topographical correlation between MRI and histology was precise: white matter preservation, spinal cord shape and lesion extent were congruent ( Figure 4 ). When the interpretation of the presence of preserved white matter was based on the combined analysis of the PD and the IR images, histology confirmed the result in every case. Vacuolation of the white matter appears clearly on the IR images, but not so on the standard PD-weighted images. Cord atrophy was severe. Some cords show the presence of a liquid-filled cyst. Extensive gliosis (hyperintense) with evidence for haemorrhage (hypo-intense) was observed at the centre of lesion. Morphometry quantified the differences in atropy, lesion size and white matter sparing (Table 1) , as expected from the locomotor behaviour of the three animals. On the nonquantitative comparative graphs (Figure 5 ), the pattern of lesion distribution and extent, from the lumbar to the thoracic region, MRI was congruent with histology. The ratio of histological to MRI measurements was variable, though in most cases approximately 0.5 (range 0.42-0.81). The assessment of lesion severity and parenchymal sparing was in accordance with the BBB evolution.
Discussion
This investigation shows that IR MRI can be a simple and efficient complement to fast, medium-resolution PD MRI for visualizing white matter after experimental compressive SCI. Histology confirmed that IR enhanced the detection of white matter abnormalities. This technique reveals even discrete changes, such as vacuolation in the descending white matter tracts. The functional significance of these discrete changes is not clearly established. However, their detection by IR MRI shows its diagnostic precision for a key factor in locomotor recovery after SCI: white matter damage versus sparing. 2 Inversion recovery MRI of the completely excised, fixated spine is performed before tissue manipulations and freezing, unlike histology. 7 MRI thus localizes abnormal signal and spared matter with micro-anatomical certainty, because of the absence of cord deformation. This localization is important because the descending tracts involved in locomotor recovery follow a precise distribution mainly in the anterior and lateral funiculi.
9,10
In addition, MRI-based measurements of lesion size, cord atrophy and spared matter may be more accurate than histological microscopy, despite the lower resolution of MRI, because of the absence of tissue deformation. This is underlined in this investigation by the observed variable ratios of histological to MRI measurements, indicating that the spinal cord undergoes changes during the preparation for histology, including retraction during the freezing process.
The spatial precision (that is, MR image resolution) of the present technique appears useful for future correlation of MRI with locomotor recovery. Although anatomically Severe damage is detected by both imaging techniques, although contrast is higher in IR images (anatomical left side half of the cord, on the right of the cord image). More subtle white matter changes that cannot unequivocally be shown on standard PD-weighted images appear clearly on the IR images. The latter showed a white matter lesion (arrows) in the right lateral funiculus with superior contrast to the standard PD image. Rat 4.
Post-mortem inversion-recovery MRI of rat SCI F Scholtes et al confined, the nerve fibres controlling basic locomotion are diffuse, rather than forming precisely limited, small tracts, 9-11 and assessment with the presently shown resolution is sufficient to estimate damage to these large tracts. In this investigation, the behavioural data were in gross accordance with the lesion severity and white matter sparing. Even, the combination of rapidly acquired PDweighted images with 'low-resolution' IR images (for example, 100 mm per pixel, which can be obtained in less than 1 h 1/2 with NA ¼ 4) may provide sufficiently high diagnostic accuracy, and this should be systematically investigated in the future.
The present MRI settings cannot be used in vivo due to the long acquisition time, the limited axial size of the rat spinal cord and other technical constraints. However, they can be used on human post-mortem material, including PD imaging. 12 In the long run, the transfer of this kind of sequence to in vivo high-resolution rat 13, 14 or even mouse 15 spinal cord MRI may be feasible if faster image acquisition proves to be of sufficient quality. With in vivo MRI, the present assessment at a single time point after the recovery period (which is a significant limitation to any post-mortem investigation) could be overcome and replaced by a continuous assessment of the lesion and correlation with behavioural parameters. Morphometric data derived from PD-weighted MRI with support of IR images. *Minimal white matter sparing was the amount of spared matter assessed in the single MRI section where this white matter surface area was minimal.
Conclusion
This investigation shows the precision of the micro-anatomical spinal cord white matter assessment using postmortem IR-supported PD MRI of the injured rat spinal cord within the spine. The combined technique is efficient in terms of acquisition speed, contrast, signal-to-noise ratio and resolution. Images with a high diagnostic yield can be acquired within short time periods.
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